The mouse retina contains both middle-wavelength-sensitive (M) and ultraviolet-sensitive (UV) photopigments that are coexpressed in cones. To examine some potential visual consequences of cone pigment coexpression, spectral sensitivity functions were measured in mice (Mus musculus) using both the flicker electroretinogram (ERG) and behavioral discrimination tests. Discrimination tests were also employed to search for the presence of color vision in the mouse. Spectral sensitivity functions for the mouse obtained from ERG measurements and from psychophysical tests each reveal contributions from two classes of cone having peak sensitivities ðk max Þ of approximately 360 and 509-512 nm. The relative contributions of the two pigment types to spectral sensitivity differ significantly in the two types of measurements with a relationship reversed from that often seen in mammals. Mice were capable of discriminating between some pairs of spectral stimuli under test conditions where luminance-related cues were irrelevant. Since mice can make dichromatic color discriminations, their visual systems must be able to exploit differences in the spectral absorption properties among the cones. Complete selective segregation of opsins into individual photoreceptors is apparently not a prerequisite for color vision.
Introduction
The mouse retina, like that of all other mammals, contains a mixture of rods and cones with the latter comprising approximately 3% of the total receptor complement (Carter-Dawson & LaVail, 1979; Jeon, Strettoi, & Masland, 1998) . Also similar to many other mammals, the mouse has two types of cone photopigment--a middle wavelength (M) sensitive pigment and a short-wavelength-sensitive pigment, in this case with maximum absorption in the ultraviolet (UV) (Jacobs, Neitz, & Deegan, 1991) . The first studies to use opsin antibodies to examine mouse photoreceptors revealed a unique spatial arrangement of the two cone types with M cones restricted to the dorsal half of the retina and with the majority of UV cones in the ventral half of the retina (Szel et al., 1992) . A later examination identified a nearly horizontal band passing through the central retina as a transitional region containing some cones in which UV and M photopigments were coexpressed (Rohlich, van Veen, & Szel, 1994) . Subsequent labeling studies have verified the presence of coexpression of the two cone pigments, but they suggest that it is much more extensive than originally believed, perhaps extending to all cones in the entire inferior portion of the retina (Glosmann & Ahnelt, 1998) or even including the vast majority of cones across the whole retina (Applebury et al., 2000) . Coexpression of mouse cone pigments is also evident in electroretinogram (ERG) studies where exposure of the eye to a long-wavelength light that is absorbed exclusively by the M cone pigment subsequently completely suppresses responses driven by both UV and M pigments (Lyubarsky, Falsini, Pennesi, Valentini, & Pugh, 1999) . A generically similar effect was seen in a subsequent study of mouse ERGs (Ekesten, Gouras, & Salchow, 2001 ). These failures of adaptive independence are consistent with the interpretation that at least some cones coexpress M and UV pigments.
Photoreceptor coexpression of photopigments is not unique to mouse cones. It has long been known that some species can construct photopigments by utilizing two different chromophores and these may be coexpressed (Bowmaker, 1991) . Pigment coexpression can also result from the presence of two or more different opsins and this condition has been detected in some fish (Archer & Lythgoe, 1990; Carleton & Kocher, 2001 ), a salamander (Makino & Dodd, 1996) , a marsupial (Hemmi & Grunert, 1999) , the rabbit (Rohlich et al., 1994) , and in a variety of rodents (Lukats et al., 2002; Parry & Bowmaker, 2002; Szel, Lukats, Fekete, Szepessy, & Rohlich, 2000; . How might such an arrangement impact vision? One advantage of having multiple photopigments in a retina is to broaden the spectral window for photon capture. Recent examination of a transgenic mouse whose cones coexpressed native mouse cone pigments and the long-wavelength-sensitive human cone pigment shows that as far as spectral sensitivity is concerned it apparently makes little difference whether cone pigments are housed individually in receptors or are coexpressed (Jacobs, Fenwick, Calderone, & Deeb, 1999) . A second potential advantage of multiple photopigments is that they can support color vision and for that purpose coexpression is clearly detrimental. A basic requirement of vertebrate color vision is the presence of photoreceptors having different absorption spectra and the neural connections to exploit these differences. The connections required to compare signals from cones containing short versus middle/long wavelength-sensitive cones are probably ubiquitious across mammalian retinas, thus providing mice the requisite neural substrate for color vision. Despite that, if all mouse cones coexpress UV and M pigments to the same degree then, clearly, there can be no color vision. On the other hand, if individual cones express the two pigments to varying degrees, and thus have differing spectral absorption properties, then color vision is theoretically possible.
There seems to be no definitive evidence on whether mice have color vision (Jacobs, 1993) . We thought it useful to evaluate that possibility, both because the mouse has become an important model for examining visual function and disease, including many instances that involve cones, and because it is of broader interest to determine to what extent a visual system might be able to exploit cone signals from what seems a very nonoptimal photoreceptor arrangement.
Methods

Subjects
Adult mice (C57/BL6) were housed individually and kept on a 12 h light/dark cycle under an ambient illuminance having an average value of 20 lux. All experimental procedures were conducted during the light phase of the daily cycle. For behavioral testing mice were deprived of food for 22 h prior to each session. Animals were routinely weighed and fed in an amount sufficient to maintain their body weights at not less than 90% of the free-feeding weight. All experimental procedures were in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the UCSB Institutional Animal Care and Use Committee.
ERG measurements
Spectral sensitivity measurements were made using equipment and general procedures described earlier Jacobs, Neitz, & Krogh, 1996) . Stimuli were light pulses flickered at 12.5 Hz (25% duty cycle) and presented in Maxwellian view (59°circular spot). Light was derived from a monochromator (15 nm half-energy passband) having a 50 W tungsten-halide lamp. The intensity of the light was controlled with a circular 3.0 log unit neutral-density wedge. Light intensities were measured in the plane of the pupil using a supplier-calibrated photodiode (Pin 10 DF, United Detector Technology). Wavelength calibrations were similarly obtained using an Ocean Optics Spectrometer (USB 2000 UV-VIS).
Mice were anesthetized with an intramuscular injection of a mixture of xylazine hydrochloride (21 mg/kg) and ketamine hydrochloride (108 mg/kg) and the pupil was dilated by topical application of a mixture of atropine sulfate (0.04%). The mouse was positioned in a head restraint and aligned with the optical system. Normal body temperature was maintained throughout the recording session with the use of a circulating hot water heating pad. ERGs were differentially recorded from a pair of stainless steel electrodes that contacted the eye through a layer of artificial tears . Recordings were made in room illuminated by ceiling-mounted fluorescent lamps (150 lux). Stimuli were presented as a train consisting of 70 light pulses. The fundamental response component to the last 50 of this train was extracted by filtering and averaged.
Spectral sensitivity measurements were made at 25 spectral positions between 366 and 600 nm using a flicker photometric procedure in which the response to a 12.5 Hz flickering monochromatic light was adjusted in intensity so as to match the response obtained from an interleaved reference light (Jacobs et al., 1996) . The reference light was derived from a 50 W tungsten-halide lamp (2850 K) that provided a retinal illuminance of 2.7 log td. Two complete scans of the spectrum were completed and the values obtained at each wavelength were averaged. The deviations between the two sets of measurements averaged less than 0.05 log unit.
Behavioral testing
Visual capacities were assessed using a three-alternative, forced-choice discrimination task. The apparatus and general procedures were as described earlier Jacobs, Calderone, Fenwick, Krogh, & Williams, 2003) . Briefly, lights were transprojected onto three, circular test panels (2.5 cm in diameter) that were mounted in a line (center-to-center distance of 5 cm) along the wall of a test chamber. These lights came from a 150 W tungsten-halide lamp and from an Instruments SA (Model H-10) grating monochromator (half-energy passband ¼ 16 nm) with a 75 W xenon lamp. The former were employed to diffusely and equally illuminate the three test panels (background lights). Through the use of an automated mirror system, light from the monochromator (test light) could be directed to any of the three panels. Depending on the goal of the experiment, this light was either added to one of the background lights (for increment-threshold measurements) or it was substituted for one of the background lights (for flicker discrimination and color vision tests). The test chamber was ambiently illuminated (70 lux) by fluorescent tubes mounted in the ceiling.
Mice were trained to indicate by touching the panel which of the three was illuminated by the test light. Correct choices were reinforced by the automatic delivery of 0.028 ml of a highly palatable fluid (Soymilk, West Soy Plus Plain) from feeder tubes mounted directly above each panel. Over trials the location of the test light was randomly varied across the three panel positions. The nature of the difference between the positive and negative panels was systematically varied to allow measurement of detection thresholds. Each test trial was marked by a cueing tone and it terminated when the animal responded or after 15 s without a response. Intertrial duration was adjusted somewhat to accommodate behavioral idiosyncrasies of individual subjects (the average duration was about 6 s) A penalty time was assessed such that the onset of a test trial was delayed by 5 s following any between-trial responses. A non-correction procedure was used, i.e., an incorrect response was followed by a new trial with location and stimulus condition called for by the experimental protocol. Under this regimen mice completed 300-700 trials/session. The behavioral tests involved measurements of increment sensitivity, flicker detection, and spectral discriminations. Further details are given below.
Results
Mouse spectral sensitivity
Averaged spectral sensitivity values obtained from ERGs of eight mice are shown at the top of Fig. 1 (solid circles). Note there are only small variations among the subjects (mean SD ¼ 0.07 log unit). Earlier spectral measurements made using a variety of different procedures indicate the mouse cone photopigments have k max of around 360 and 509-512 nm (Jacobs et al., 1991; Lyubarsky et al., 1999; Sun, Macke, & Nathans, 1997; Yokoyama, Radlwimmer, & Kawamura, 1998) . To account for spectral sensitivity obtained from the joint action of the two pigments we first best-fit results obtained for wavelengths longer than 440 nm, a portion of the spectrum where influence from the UV pigment is minimal. This yielded an estimate of the M pigment of 511.3 nm. The continuous line in Fig. 1 is the best-fitting linear summation of a template pigment at this spectral position and a second pigment whose position was established using an iterative search procedure. The result was an estimate of a UV mechanism having a peak at 365 nm. In making these fits we assumed that the spectra for the two pigments are captured by standard pigment absorption curves (Govardovskii, Fyhrquist, Reuter, Kuzmin, & Donner, 2000) and that, following Lyubarsky and colleagues, the mouse lens has an absorption curve like that for the rat, but diminished by 50% (Lyubarsky et al., 1999) . We further assumed that mouse cones provide negligible self screening. With those assumptions the ERG spectral sensitivity data are reasonably accounted for by a combination of the two pigment curves in the relative proportions of 365 (85.7%) and 511 (14.3%). Increment-threshold spectral sensitivity measurements were made using the behavioral test apparatus described above. For this, the three panels were equally illuminated with an achromatic light (color temperature, 5350 K) and on each test trial monochromatic light was added to one of the three. The intensity of the monochromatic light was varied in steps of 0.3 log unit so as to yield a performance range from about 85% to 33%. The test light was varied randomly in steps of 10 nm from 360 to 600 or 610 nm and data were accumulated across sessions to a total of at least 100 trials at each wavelength/intensity combination. The cumulated psychometric functions for each test wavelength were best fit (least squares) using a logistic function having asymptotes of 100% and 33% correct and from these thresholds were computed as the stimulus intensity that yielded performance corresponding to the 99% upper confidence level. Complete spectral sensitivity functions were obtained from three mice (one male, two females) at a background luminance of 1.12 log cd/m 2 and then again for two of these same animals on a higher-level background (1.76 log cd/m 2 ). Increment-threshold spectral sensitivity functions are shown as the two middle functions in Fig. 1 with data points given by solid triangles and open circles respectively. They have been best fit in the same fashion as described above yielding estimated peaks for the UV and M mechanisms of 360 and 509 nm. The relative contributions of these two spectral mechanisms to measured sensitivity are similar at the different levels of light adaptation with the 360 nm pigment contribution being 19% and 26.2% at the lower and higher light levels respectively. Of note is the disparity in the relative contributions of the two pigments to spectral sensitivity as assessed with the ERG as compared to those based on visual discrimination.
Finally, we also measured spectral sensitivity using a flicker discrimination technique in which a single male mouse was trained to discriminate a monochromatic light flickering at 20 Hz from steady lights having the same wavelength content and time-averaged luminance. Under these test conditions data could only be obtained over a more restricted spectral range, at 17 spectral positions between 450 and 610 nm. The resulting function (data points shown as open triangles), presumably representing exclusive contribution from the mouse M cone pigment, is shown at the bottom of Fig. 1 . The absorption spectrum of the pigment providing the best fit to this data set has a peak of 510.8 nm.
Spectral discriminations
Can a mouse use its two cone pigments to support color discriminations? To evaluate that possibility we asked whether they could discriminate between UV and visible lights. As a control against the exploitation of any luminance-related cues we made use of a technique developed earlier . Subjects were first trained in the increment-detection task outlined above. During the course of this training they completed thousands of trials in which they were reinforced for selecting a light added to a steady background and learning, therefore, to consistently select the ''brighter'' of two lights. As illustrated in Fig. 2 , that skill was exploited to establish brightness equations between spectrally discrete lights. In the example of Fig. 2 , a monochromatic 500 nm test light appeared on one test panel with UV light (370 nm) illuminating the other two panels. Presumably because it appeared much brighter, the mouse selected the panel illuminated with 500 nm light nearly 100% of the time. Over presentation blocks' consisting of three trials each the test light was progressively attenuated in steps of 0.3 log unit and the whole process was then repeated. As the test light was dimmed, the % of correct selections declined to chance levels and at still lower intensities the mouse consistently avoided the 500 nm light, presumably because it now appeared dimmer to the animal than the two panels illuminated with UV light. The intensities of the two lights at the level of chance performance (vertical line) were taken to define a brightness equation. From this value, and from the spectral sensitivity functions, equations could then be derived for any other spectral light and the UV light.
Mice were next trained to see if they could learn to use spectral cues to discriminate the two lights; in effect, to then ignore luminance-related cues. For this phase, the 500 nm and UV lights were presented at the intensities calculated to be equally bright and at values deviating in steps of 0.1 log units over a range covering a total of ±0.5 log units around the equation value. The ordering of intensities was randomized. Fig. 2 (triangles and dashed line) shows performance achieved by one mouse at the conclusion of this training regimen. This animal, and a second tested on the same discrimination, quite clearly successfully discriminate 500 nm from UV in the absence of any consistent brightness differences. Next, the wavelength of the test light was progressively shortened in steps of 10 nm. At each of these wavelengths the test light was presented at an intensity calculated to be equally bright to the UV light and, with presentation order again randomized, over a range ±0.5 log units around this value. Fig. 3 summarizes the results obtained across test wavelengths at the brightness equation values. Each animal successfully discriminated the two lights until the test light was shortened to about 400 nm; for those wavelengths and shorter values the discrimination failed. In a second test the direction of the discrimination was reversed, i.e., the test light was 370 nm and the other light was set to 500 nm. Brightness equations and all other details were similar to the first test. Following this initial training three mice (one previously tested with the 500 nm test light and two additional animals) succeeded in making a color discrimination. Fig. 3 shows the results obtained from shifting the test light toward the longer wavelengths. In this case discrimination failed when the test light was set to about 410 nm or longer.
Although the results shown in Fig. 3 are qualitatively consistent with what one would expect of color discrimination based on the utilization of signals from cone pigments like those of the mouse, there is always concern in such experiments that with extended experience animals may learn to exploit some other subtle cue inherent in the test situation. To control against that possibility we tested one of the animals on an additional wavelength discrimination problem that, based solely on cone pigment complement, mice should find impossible. Using all of the procedures described above we attempted to train this mouse to discriminate a 500 nm light from 600 nm lights. Over 23 test sessions, comprising a total of 15,655 trials, there was no hint of success at this discrimination (mean % correct at point of equal brightness ¼ 32.08%; SD ¼ 8.56%).
Discussion
The unusual relationships between cone pigment representation and spectral sensitivity in the mouse
Measurements of spectral sensitivity show plainly the contribution of both mouse cone photopigments to outer retinal signals and behavioral discrimination. Taken individually, neither the ERG function nor the increment-threshold function provides significant insight into the nature or extent of cone coexpression. Both types of function can be fitted by summative contributions of the two cone pigment spectra, an outcome that is consistent with either complete coexpression or complete lack of coexpression or something intermediate to the two conditions. Comparison of the two functions, however, does yield some inferences about cone pigment coexpression.
In the ERG measurements (Fig. 1, top function) , as in those made previously (Ekesten et al., 2001; Jacobs et al., 1991; Lyubarsky et al., 1999) , there is a predominant contribution from the UV mechanism. In the present case, sensitivity at the UV peak exceeded the midwave maximum by a factor of around five. This relationship is a unique feature of the mouse ERG, originally interpreted as reflecting the then-current idea that there may be two to three times as many cones containing UV pigment (Calderone & Jacobs, 1995; Szel et al., 1992) . Recent measurements of mRNA in the mouse retina indicate that total mRNA levels of UV opsin exceed those for M opsin by about a factor of three suggesting that, even if there is near complete Fig. 3 . Wavelength discrimination in the mouse. The plotted points are the mean performances (±1 SD) achieved for various test wavelengths versus a 370 nm light (two mice) and versus a 500 nm light (three mice). The performance data are for pairs of lights that were set to be equally bright for the mouse. The horizontal dashed line indicates chance performance (99% confidence level) for the number of test trials that were run.
coexpression, on a cell-to-cell basis the amount of UV pigment greatly exceeds that of M pigment (Applebury et al., 2000) . The elevated sensitivity of the mouse ERG to UV lights must be at least partly attributable to the significant differences in overall retinal expression of the UV and M cone pigments.
Both cone pigments also clearly contribute to mouse vision (Fig. 1, middle curves) . There is a clear difference in the contribution of the two cone pigments to the behavioral and electrophysiological measurements. An important implication of this difference is that not all mouse cones can coexpress the two pigments to the same degree, for if they did, the ERG and behavioral spectral sensitivity functions would be identical, just as they are when only a single pigment is present in the retina .
A notable feature of the spectral sensitivity results is the distinctly smaller contribution from the UV pigment to the behavioral measurements of increment-threshold spectral sensitivity than to the ERG signals. This is just the reverse of what is often observed in other mammals where the contribution of short-wavelength signals is considerably enhanced in increment-threshold measurements relative to ERG spectral sensitivity (Sperling & Mills, 1991) . The typical interpretation offered is that measurement techniques like the flicker ERG tap summative contributions of signals from the various cone types whereas increment-thresholds measured with large stimuli presented for long durations (as here) tend to favor contributions from spectrally-opponent mechanisms (Lennie, Pokorny, & Smith, 1993) . Why it does not follow this pattern in the mouse, as it does in rats tested in an exactly equivalent fashion (Jacobs, Fenwick, & Williams, 2001) , is open to question. One possibility is suggested by the fact that mouse UV pigment has a heterogeneous retinal distribution with its greatest representation in the ventral retina and one might suppose that contributions from this part of the visual field are unequally represented in the ERG and behavioral measurements. Although that possibility cannot be ruled out, it seems unlikely since the reinforcement contingencies in the behavioral test strongly encourage a free-moving subject to alter his/her viewing topography so as to maximize sensitivity.
A second, and we believe more plausible, reason for the unusual relationship between UV pigment contributions to ERG signals and behavior is that it may be a simple consequence of the nature of cone pigment coexpression in the mouse retina. In mammalian retinas, S (in this case UV) cone signals supplying color information are transmitted to spectrally-opponent bistratified ganglion cells via S-cone bipolar cells (Dacey, 1996; Masland, 2001) . A significant net convergence in that pathway will have the effect of enhancing S/UV cone contributions to ganglion cell responses (Calkins, 2001) . If the proportion of S/UV cones in the mouse retina is typical of other mammals (perhaps no more than about 10% of the total cones), then most of the cones in mouse retina that coexpress UV and M pigment are, in fact, M cones in terms of their retinal connectivity. If so, the nature of the spectrally-opponent interaction at mouse ganglion cells is largely UV ) (M + UV) and, accordingly, the difference signal supplied to the central visual system will be correspondingly muted. Such an arrangement would explain why the UV pigment contribution is prominent in the ERG while being more attenuated in the behavioral readout. And it would further suggest that mouse cones and their signal consequences are quite similar to the typical mammalian pattern with the exception of a striking failure of selective photopigment expression.
Mouse color vision
Each of the four mice tested proved capable of discriminating between spectrally discrete stimuli in a task where the spectral differences provided the only reliable cue. Further, the pattern of success and failure (Fig. 3 ) in these tasks is consistent with expectation based on the presence of UV and M cone pigments. Formally, thus, mice do have some capacity for color vision and a strong inference from the present study is that not all mouse cones can coexpress both UV and M pigments to the same extent. Beyond that, the biology underlying this behavior remains murky. Evidence for widespread coexpression of pigments in mouse cones of the kind noted above seems compelling and, given that, it would appear that a comparison of signals from a relatively small number of cones having different absorption spectra is all that may be required to support this color discrimination capacity. On the other hand, recordings from mouse ganglion cells revealed a surprising number of spectrally-opponent units (12% of the total ganglion cells characterized) as well as many more cells that appear to receive exclusive inputs from either the UV or M mechanisms (Ekesten, Gouras, & Yamamoto, 2000) . All of these types were found to varying degrees throughout the full extent of the retina and their presence appears inconsistent with the idea of widespread coexpression of the two cone pigments.
By their nature these laboratory tests of color discrimination can only establish the formal presence of a visual capacity and, in particular, it is not possible to know how or even if color vision plays a role in normal mouse behavior. The demonstration of the presence of UV pigment in a number of rodents has provoked some general speculations as to its utility , and Chavez and colleagues have offered the specific suggestion that some rodents may be able to utilize the high UV reflectivity of fresh urine as potentially useful visual cues (Chavez, Bozinovic, Peichl, & Palacios, 2003) . Direct evidence of the use of UV-related signals by rodents remains to be achieved.
Finally, it is worth noting that this demonstration of mouse color vision required significant efforts by both experimenters and subjects. For example, it took somewhere between 6000 and 10,000 training trials for individual subjects to acquire the initial color discriminations. Beyond that, we saw no evidence that acquisition of one type of color discrimination made the learning of subsequent color discriminations easier. Thus, a mouse first trained to discriminate middlewavelength from UV lights and then subsequently presented with the reverse discrimination (UV positive) required as much training for the second test as for the first and, indeed, when finally returned to the initial discrimination, she again required virtually the same lengthy training regimen. In short, it did not appear that exposure to explicit color tests provided these animals with any generalized color vision facility. These observations are of course subject to multiple interpretations, but one is that the difficulty in demonstrating mouse color vision suggests that color differences may provide only weak cue value in the control of visual behavior. Whether that is true or not, these results make clear that complete selective expression of cone pigments is not a prerequisite for color discrimination.
